In the BDMPSZ model, the energy loss of an outgoing parton in a medium −dE/dx is the transport coefficientq times L the length traveled. This results in jet quenching, which is well established. However BDMPSZ also predicts an azimuthal broadening of di-jets also proportional tô qL which has so far not been observed. The azimuthal width of the di-hadron correlations in p+p collisions, beyond the fragmentation transverse momentum, j T , is dominated by k T , the so-called intrinsic transverse momentum of a parton in a nucleon, which can be measured. The broadening should produce a larger k T in A+A than in p+p collisions. This presentation introduces the observation that the k T measured in p+p collisions for di-hadrons with p T t and p Ta must be reduced to compensate for the energy loss of both the trigger and away parent partons when comparing to the k T measured with the same di-hadron p T t and p Ta in A+A collisions. This idea is applied to a recent STAR di-hadron measurement in Au+Au at √ s NN =200 GeV, Phys. Lett. B 760, 689 (2016), with result <qL >= 2.1 ± 0.6 GeV 2 . This is more precise but in agreement with a theoretical calculation of <qL >= 14 +42 −14 GeV 2 using the same data. Assuming a length < L >≈ 7 fm for central Au+Au collisions the present result givesq ≈ 0.30 ± 0.09 GeV 2 /fm, in fair agreement with the JET collaboration result from single hadron suppression ofq ≈ 1.2 ± 0.3 GeV 2 /fm at an initial time τ 0 = 0.6 fm/c in Au+Au collisions at √ s NN = 200 GeV. There are several interesting details to be discussed: for a given p T t the <qL > seems to decrease then vanish with increasing p Ta ; the di-jet spends a much longer time in the medium (≈ 7 fm/c) then τ 0 = 0.6 fm/c which likely affects the value ofq that would be observed.
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12th International Workshop on High-pT Physics in the RHIC/LHC Era 2-5 October, 2017 University of Bergen, Bergen, Norway 1. Jet Quenching: the first QCD based prediction BDMPSZ [1] The first prediction of how to detect the QGP was via J/Ψ suppression [2] in 1986. However the first QCD based prediction for detecting the QGP was BDMPSZ Jet Quenching [1] . This is produced by the energy loss, via LPM coherent radiation of gluons, of an outgoing parton with color charge fully exposed in a medium with a large density of similarly exposed color charges (i.e. the QGP) (Fig. 1a) . Jet quenching was observed quite early at RHIC by suppression of high p T π 0 [3] , with lots of subsequent evidence (Fig. 1b) . It is interesting to note that all identified hadrons generally have different R AA for p T ≤ 5 GeV/c but tend to converge to the same value for p T > ∼ 5 GeV/c. The fact that direct-γ are not suppressed indicates that suppression is a medium effect on outgoing color-charged partons as predicted by BDMPSZ [1] . QGP @ RHIC is more strongly coupled than QGP@ LHC.
Partons lose energy going through the medium so that there are fewer partons or jet fragments at a given p T. The ratio of measured AA to scaled pp cross section for no effect is:
σ pp π /dp T dy 
where µ, is the mean momentum transfer per collision, and the transport coefficientq = µ 2 /λ mfp is the 4-momentum-transfer-squared to the medium per mean free path, λ mfp .
(II) Additionally, the accumulated momentum-squared, p 2 ⊥W transverse to a parton traversing a length L in the medium is well approximated by
since only the component of p 2 ⊥W ⊥ to the scattering plane affects k T . This is called azimuthal broadening. Here (see Fig. 2 ) k T denotes the intrinsic transverse momentum of a parton in a proton plus any medium effect and k T denotes the reduced value correcting for the lost energy of the scattered partons in the QGP, a new idea this year [4] . Even though jet quenching has been established and confirmed for more than 15 years, many experiments have tried to find azimuthal broadening at RHIC e.g. probes the distribution of intra-jet energy flow transverse to the jet axis [3, 4, 5, 1] . For jets in heavy ion collisions, such ratios provide experimentally robust observables of the modification of intra-jet structure due to quenching, [1] . Fig. 3 shows the distribution of corrected recoil jet yields for R=0.2 and R=0.5 (upper panels) and their ratio (lower panels), for peripheral and central Au+Au collisions. In the region p ch T,jet > 10 GeV/c, the weight of the distribution is lower for central than for peripheral collisions, suggesting medium-induced intra-jet broadening within angle R < 0.5. However, the current uncertainty bands are also consistent with absence of medium-induced broadening in this range. A similar picture is obtained from current measurents of Pb+Pb collisions at the LHC [1] . GeV. Uncorrelated yield has been subtracted, but jet energy is not corrected for instrumental and background effects.
Acoplanarity of a di-jet pair in vacuum arises from radiation emitted at angles greater than R to the jet centroid. In heavy ion collisions, medium-induced di-jet acoplanarity may also occur [6, 7] . At sufficiently large angular deviation, hard scattering off quasi-particles in the medium (the QCD analog to Molière scattering) may dominate the angular distribution between trigger axis and recoil jet, with soft multiple scattering and radiative processes being sub-dominant [6] . Such measurements could discriminate between a medium that has discrete quasi-particles, and one that is effectively continuous at the Q 2 scale being probed [6] . Figure 4 shows the first search for QCD Molière scattering at RHIC. The ∆ϕ distribution of recoil jets (Eq. 2) is shown for two bins at low jet energy in peripheral and central collisions, for jets with R=0.3 . In this case, uncorrelated background is corrected by subtraction of the ME distribution, but the jet energy is not corrected for instrumental effects and background fluctuations.
Since the distribution is semi-inclusive, and thereby absolutely normalized, the yield in the large-angle tails relative to the trigger axis (|π − ∆ϕ| >∼ 1) can provide a direct measurement of the rate of Molière scattering. Comparison of the tails of the distributions indeed shows non-zero yield at large angles for the lower jet energy bin in central collisions, similar to the signal expected from Molière scattering. However, other effects such as flow may contribute to the signal in this region, and we do not claim evidence of Molière scattering based on this distribution. It rather serves to illustrate both the potential and the subtleties of this measurement. The fully corrected distribution, and future measurements with higher integrated luminosity, will provide constraints on the Molière scattering process. 1.1 Understanding k T and k T .
Following the methods of Feynman,Field and Fox [7] , CCOR [8] and PHENIX [9] , the k 2 T for di-hadrons is computed from Fig. 2 as:
where p T t , p Ta are the transverse momenta of the trigger and away particles, x h = p Ta /p T t , ∆φ is the angle between p T t and p Ta and p out ≡ p Ta sin(π − ∆φ ). The di-hadrons are assumed to be fragments of jets with transverse momentap T t andp Ta with ratiox h =p Ta /p T t . z t p T t /p T t is the fragmentation variable, the fraction of momentum of the trigger particle in the trigger jet. j T is the jet fragmentation transverse momentum and we have taken j 2 T ay ≡ j 2 T aφ = j 2 T tφ = j 2 T /2. The variable x h (which STAR calls z T ) is used as an approximation of the variable x E = x h cos(π − ∆φ ) from the original terminology at the CERN ISR where k T was discovered and measured 40 years ago.
A recent STAR paper [10] on π 0 -hadron correlations in √ s NN = 200 GeV Au+Au 0-12% central collisions had very nice correlation functions for large enough 12 ≤ p T t ≤ 20 GeV/c so that the v 2 , v 3 modulation of the background was negligible (Fig. 4) . I made fits to these data [4] to determine p 2 out so that I could calculate k T in p+p and Au+Au using Eq. 1. After considerable thought, I finally figured out what the problem was and introduced the new k T [4] . For a di-jet produced in a hard scattering, the initialp T t andp Ta (Fig. 2) will both be reduced by energy loss in the medium to becomep T t andp Ta which will be measured by the di-hadron correlations with p T t and p Ta in Au+Au collisions. The azimuthal angle between the di-jets, determined by the k 2 T in the original collision, should not change as both jets lose energy unless the medium induces multiple scattering fromq. Thus, withoutq and assuming the same fragmentation transverse momentum j 2 T in the original jets and those that have lost energy, the p out between the away hadron with p Ta and the trigger hadron with p T t will not change; but the k 2 T will be reduced because the ratio of the away to the trigger jetsx h =p Ta /p T t will be reduced. Thus the calculation of k T from the di-hadron p+p measurement to compare with Au+Au measurements with the same di-hadron p T t and p Ta must use the values ofx h , and z t from the Au+Au measurement to compensate for the energy lost by the original dijet in p+p collisions.
The same values ofx h , and z t in Au+Au and p+p simplify Eqs. 1.2 and 1.3 to:
from which one could immediately get a reasonable answer for qL /2 from the p 2 out results indicated on Fig. 4 plusx h and z t in Au+Au. This will be illustrated with the STAR data [10] .
a)x h for a given p T t can be calculated from the p Ta distribution: The ratio of the away jet to the trigger jet transverse momenta,x h =p T t /p Ta , can be calculated (Fig. 5 ) from the away particle x h = p Ta /p T t distributions, which were also given in the STAR paper. The formula is [9] , where n is the power of the p T spectra: b) Fit the away-side peaks in the Au+Au and p+p correlation functions to gaussians in p out : The gaussian fit directly gives p 2 out as was nicely shown for the STAR data in Fig. 4 .
c) The power of hard scattering: the Bjorken parent-child relation and "trigger bias":
The hard-scattering p T spectra, dσ /p T d p T , at RHIC in the range 3 ≤ p T < ∼ 20 GeV/c for p+p and Au+Au for all centralities follow the same power law 1/p n T with n = 8.10 ± 0.05 [11] . This is why R AA (p T ) for π 0 and η in Fig. 1b are relatively constant over the same p T range. The Bjorken parent-child relation [12] proved that the power n in p −n T is the same in the jet and fragment (π 0 ) p T spectra. This is why π 0 can be used in place of the parent jet. However because the trigger π 0 spectrum for a given p T t in Au+Au for 0-10% centrality is shifted down by δ p T /p pp T = 20% in p T compared to p+p [13] , the z t for A+A and compensated p+p should be calculated [9] from the measured p+p π 0 p T spectrum at p (Table 1 ). The results in the two p Ta bins are at the edge of agreement, different by 2.4σ ; but both are > 2.6σ from zero. These results leave several open issues as mentioned in the abstract. 
Homework
However there is a nice prediction of ∆φ for for 35 GeV Jets at RHIC [14] for several values of qL (Fig. 6 ). An amusing test would be to see if the present method gives the same answers for qL by calculating p 2 out of the predictions. Fig. 4 , we plot the same distributions for a typical dijet production at RHIC with √ S = 200 GeV. Here, clearly, we can see that the medium induced P T -broadening contribution is very important in the b ∼ 0.5 GeV −1 region. As a result, significant P T -broadening effects can be found in Fig. 4 for RHIC experiments.
In particular, the P T broadening effects change not only the shape but also the magnitude of the dijet azimuthal correlations in heavy ion collisions at RHIC. We are looking forward to these measurements in the near future [34].
Conclusions
We have performed a systematic study of dijet azimuthal decorrelation in heavy ion collision to probe the P T -broadening effects in the quark-gluon plasma. By taking into account additional Sudakov effects, we found that at the LHC, the medium P T -broadening effects are negligible in the dijet azimuthal angular distribution, which is consistent with the observations from the ATLAS and CMS experiments. By contrast, we demonstrated that the P T -broadening effects can be important at the RHIC energy and we should be able to observe it in experiments. Future study of this physics at RHIC would provide a unique opportunity to directly probe the P T -broadening effects and help to identify the underlying mechanism for the jet energy loss in relativistic heavy ion collisions.
⊥ ) as function of b ⊥ ; (right) azimuthal de-correlation for dijet production at RHIC for a leading jet P ⊥ = 35 GeV. Fig. 2 . Impact of the P T -broadening effects on dijet production at mid-rapidity at the LHC, where we and three different values of Q effects are negligible at the LHC, where the three curves (corresponding to three different choices for Q s ) almost lay on top of each other. This also explains why the azimuthal angular correlation in dijet productions does not change from pp to A A collisions at the LHC for the kinematical region studied in the ATLAS and CMS measurements. Nevertheless, the above conclusions can dramatically change when we switch from the LHC to RHIC. First of all, the jet transverse momentum can be brought down to 35 GeV at RHIC, which significantly reduces the Sudakov effects due to smaller virtuality Q 2 . F are smal collinear As sh cal dijet can see very imp P T -broad In partic but also ion collis ments in
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